Abstract The objective of this research was to assess the relevance of organisms related to Rhodocyclus in enhanced biological phosphorus removal in full-scale wastewater treatment plants. The presence of these organisms in full-scale plants was first confirmed by fluorescent in situ hybridization. To address which organisms were involved in phosphorus removal, a method was developed which selected polyphosphateaccumulating organisms from activated sludge samples by DAPI staining and flow cytometry. Sorted samples were characterized using fluorescent in situ hybridization. The results of these analyses confirmed the presence of organisms related to Rhodocyclus in full-scale wastewater treatment plants and supported the involvement of these organisms in enhanced biological phosphorus removal. However, a significant fraction of the polyphosphate-accumulating organisms were not related to Rhodocyclus.
Introduction
Although the process of enhanced biological phosphorus removal (EBPR) has been studied for many years and is currently used successfully in many full-scale wastewater treatment plants (WWTPs), efforts to identify the polyphosphate-accumulating organisms (PAO) involved in the process have been complicated by the fact that only a small percentage of the organisms in activated sludge contain polyphosphate. Recent reports by Hesselmann et al. (1999) and Crocetti et al. (2000) have addressed this difficulty by focusing on phosphorus removal in laboratory-scale reactors, which have developed a specialized, less diverse microbial community. Strikingly, both of these reports correlated the presence of an organism closely related to Rhodocyclus with efficient phosphorus removal. Thus, an evaluation of the potential contributions of this organism to enhanced biological phosphorus removal in full-scale WWTPs is required.
The objective of the research described here was to assess the significance of the Rhodocyclus-related organisms identified by Hesselman et al. (1999) and Crocetti et al. (2000) for biological phosphorus removal in a full-scale treatment plant. We studied the Nine Springs WWTP (Madison, WI), a modified University of Cape Town (UCT) EBPR process treating 158,000 m 3 /day (41.6 MGD) of domestic wastewater and consistently achieving effluent total phosphorus concentrations below 1.0 mg/litre. To assess the involvement of these organisms in the EBPR process, we developed a technique to sort PAO from other organisms in the activated sludge using DAPI staining and flow cytometry, collected PAO-rich fractions, and characterized the PAO community through fluorescent in situ hybridization (FISH) of the sorted samples. The results from these analyses demonstrated that organisms related to Rhodocyclus and corresponding to those identified in the laboratory-scale reactors of Hesselmann et al. (1999) and Crocetti et al. (2000) were indeed present and represented a significant fraction (33%) of the PAO in the Nine Springs WWTP, supporting the industrial importance of these organisms. However, it is also important to note that a significant fraction of the PAO were not related to Rhodocyclus, and that not all of the organisms related to Rhodocyclus contained polyphosphate in the activated sludge samples.
Methods

Activated sludge samples
Samples were collected from the Nine Springs WWTP (Madison, WI), which operates as a UCT process (Grady et al., 1999) without internal nitrate recycle. Hydraulic retention times for the anaerobic, anoxic, and aerobic stages are 1.8, 0.6, and 8.5 hours, respectively; solids retention time is 9 days. The plant consistently achieves effluent total phosphorus concentrations of less than 1 mgP/L (Figure 1 ) and exhibits the characteristic phosphate release and uptake dynamics of an EBPR process (Figure 2 ). Grab samples of activated sludge were collected from the end of the aerobic stage and stored on ice during transport to the laboratory. Dispersion of flocs and cell fixation were performed within 1 h of sampling.
Microscopic analysis
Settled mixed liquor samples were mechanically disrupted by repetitive purging through a 26G needle at least 30 times. Samples were then fixed in 3% paraformaldehyde-PBS (final concentration) for 30 minutes at room temperature. Following fixation, cells were collected by filtration through a 0.2 µm pore size polycarbonate filter and transferred to gelatin-coated slides (Amann et al., 1990) . Polyphosphate staining was for 1 hr with 1 µg/mL DAPI/dH 2 O (see Results). Oligonucleotide probes, hybridization conditions, and related references are listed in Table 1 . Unlabeled BET42a and GAM42a were used as competitors for each other as previously described (Wallner et al., 1995) . Cells were visualized on a Zeiss Axioplan 2 epifluorescent microscope. Typical microscopic analysis consisted of manually counting the cells in at least ten photographs per well from duplicate wells, resulting in total cell counts of 500-1,500 per sample. The 95% confidence intervals on cell counts were typically ± 5-10%.
Flow cytometry
Activated sludge samples were fixed and dispersed as described above and stained with DAPI (final concentration 5 µg/mL) overnight on ice. Flow cytometry was performed with a FACStar Plus dual laser flow cytometer (Becton Dickinson, San Jose, CA). DAPI was excited with a multi-line UV generated from a krypton laser and emission signals were collected through a 450/50 band-pass filter and a 575/25 band-pass filter. The fluorescent characteristics of stained PAO (see Results) were initially predicted based on emission spectra recorded with a Gemini microplate spectrofluorometer (Molecular Devices, Sunnyvale, CA). This prediction was confirmed by collecting sorted cells with different fluorescent characteristics and assessing PAO content microscopically.
Results and discussion
To evaluate the contributions of various organisms to phosphorus removal in full-scale WWTPs, it was desirable to simultaneously identify organisms and assess their polyphosphate content in situ. Initial attempts to adapt the method of Kawaharasaki et al. (1999) for co-localization of polyphosphate and 16s rRNA-targeted hybridizations were not successful because of high background DAPI fluorescence. The following modifications were therefore made to reduce excess fluorescence: fixed samples were washed with and resuspended in water instead of phosphate-buffered saline, DAPI stocks were made with water instead of phosphate-buffered saline, and a lower concentration of DAPI (1 µg/mL) was used for a longer staining period (1 hr). A band-pass emission filter (580/30) was also used to reduce the fluorescent response from DAPI-DNA complexes. These changes enabled visualization and quantification of PAO in samples from the Nine Springs WWTP. Using DAPI staining alone, PAO represented 14-36% of total microorganisms in activated sludge from Nine Springs throughout a 12-month sampling period. Previous reports of % PAO in full-scale WWTPs include a measurement of 30-50% by Streichan et al. (1990) using transmission electron microscopy and a calculation of 20-30% by Wentzel and Ekama (1997) . Measurements of PAO by DAPI staining were therefore consistent with results obtained by other procedures.
However, when DAPI staining was performed following FISH, the quantification of PAO was affected. After FISH, the percentage of DAPI-stained PAO dropped 5-fold. This drop was presumed to reflect a loss of either intracellular polyphosphate or DAPIpolyphosphate response due to the hybridization and wash conditions. This apparent loss of PAO was not due to the fixation conditions or the ethanol washes used to dehydrate the slides. Varying DAPI stocks (1 µg/mL vs. 50 µg/mL in water or Tris buffer) and DAPI staining times (from 10 sec to 1 hour) did not eliminate this decrease. While these results did not prevent co-localization of polyphosphate and hybridization responses for some organisms, they did indicate the likelihood of false negatives. Initial experiments with the simultaneous FISH/DAPI technique using the oligonucleotide probes designed by Hesselmann et al. (1999) and Crocetti et al. (2000) confirmed the presence of organisms related to Rhodocyclus in the Nine Springs WWTP in significant numbers (~18% of total organisms). As shown in Figure 3 , cells hybridized with the RHC439 probe exhibited a morphology similar to that described by Hesselmann et al. (1999) . In addition, a clone library of 16S rDNA from Nine Springs WWTP contained sequences 98% identical to those identified by Hesselmann et al. (1999) and Crocetti et al. (2000) in laboratory scale reactors . The presence of polyphosphate in some of the hybridized cells was confirmed (Figure 3 ), but the majority (>85%) of the Rhodocyclus positive cells did not contain polyphosphate (Figure 4) . Although some polyphosphate response was lost during FISH, the number of Rhodocyclus-positive, polyphosphate-negative cells was higher than the expected losses, suggesting that a significant fraction of Rhodocyclus-positive cells were not involved in EBPR. Furthermore, only 13% of the cells which showed a polyphosphate-positive response following FISH were also Rhodocyclus-positive, indicating the involvement of organisms distinct from Rhodocyclus in polyphosphate accumulation in a full-scale WWTP (Figure 4 ).
Given the above difficulties with simultaneous FISH/DAPI and the low percentage of PAO in full-scale plants, a physical separation of PAO was desirable. Differences in DAPI fluorescence were therefore used to separate PAO from non-PAO by flow cytometry . The presence of polyphosphate produces a shift in DAPI emission, decreasing the signal at 450 nm and increasing the fluorescence at 575 nm ( Figure 5 ). On a flow cytometry plot of fluorescence emission at 450 nm vs. 575 nm for each detected cell (Figure 6 ), a region was identified where the majority of the cells contained polyphosphate. This To better quantify the involvement of Rhodocyclus and begin addressing the involvement of other organisms, activated sludge from Nine Springs WWTP was fixed, dispersed, stained with DAPI, and separated by flow cytometry as described above. The sorted polyphosphate-positive fraction was then analyzed by FISH. As shown in Table 2 , the percentage of Rhodocyclus-positive cells increased from 20% in activated sludge to 33% in the PAO-concentrated fraction, demonstrating that this class of organisms was indeed accumulating polyphosphate in the full-scale plant. The results of the group-specific probes (Table  2) suggested that one or more other β-Proteobacteria also may be important, as this was the Figure 5 Fluorescent spectra of DAPI (10 mg/mL, squares) and DAPI plus tripolyphosphate (100 mg/mL, triangles). Excitation was set at 345 nm Figure 6 Results of flow cytometry on DAPI-stained sample from Nine Springs WWTP. Subsequent analysis by epifluorescent microscopy indicated that a majority of the cells in R1 were polyphosphate-positive and that no other region contained significant numbers of polyphosphate-positive cells. group of organisms that preferentially accumulated in the defined PAO region. The remaining PAO may include organisms from other groups making minor contributions to the overall population or organisms not targeted by these group-specific probes. The variety of substrates present in a full-scale WWTP may contribute to the observed diversity of PAO, although there is also the possibility that organisms that accumulated polyphosphate but did not perform the cycling required for EBPR were present in the full-scale WWTP.
Conclusions
A new procedure was developed to separate PAO from non-PAO in activated sludge samples based on the staining of polyphosphate with DAPI followed by flow cytometry. Using this procedure, the organisms related to Rhodocyclus were shown to represent a significant fraction of the PAO in a full-scale WWTP. This result was consistent with the proposed involvement of these organisms in phosphorus removal, validating the results of laboratory-scale reactors from Hesselmann et al. (1999) and Crocetti et al. (2000) . However, it is also important to note that the majority of the PAO were not related to Rhodocyclus.
